Abstract: A terahertz modulation structure based on hybrid metamaterial and graphene is proposed and demonstrated in this work. The metamaterial with a square slit ring array excites terahertz resonance in the slits and enhances the interaction between the terahertz wave and graphene. The graphene layer acting as the active material is tuned by the applied electrical field. With the separation by a dielectric layer between the graphene and the metallic structure, the resonant frequency and transmitted energy are both modulated by the graphene. Experimental result indicates that the modulation depth of the terahertz transmitted amplitude is 65.1% when the applied modulation voltage is tuned 5 V.
Introduction
Terahertz (THz) is the electromagnetic wave of the frequency band between microwave and infrared light. It is a research hotspot in the application of penetrating imaging [1] , high speed wireless communication [2] , and medical sensing [3] . Modulation of wave amplitude is one of the basic operations in its applications [4] [5] [6] . Traditional modulation methods are based on conventional semiconductor materials or mechanical scanning [7, 8] . However, the modulation speed is limited with these methods due to low carrier mobility (e.g.,~1400 cm 2 V −1 s −1 for Si [9] ) or constraints on mechanical motion.
Graphene is a two dimensional material with carrier mobility (~2 × 10 5 cm 2 V −1 s −1 [10] ) about one order of magnitude higher than that of semiconductors [11] . The Fermi level of graphene could be electrically tuned [12] . This property makes graphene hugely popular in making tunable devices, such as absorbers [13] , detectors [14] , sensors [15] , and modulators [16] . However, the commonly used graphene is with the thickness of a single layer of carbon atoms, which leads to a weak interaction between the electromagnetic wave and the graphene. Metallic metamaterial has the unique property of field enhancement, which has been employed for ultra-sensitive detection [17] , super-resolution imaging [18] , and high-gain antennas [19] . A combination of graphene and metamaterial to enhance interaction with light has been reported recently [20] [21] [22] . It has been demonstrated that by introducing metamaterial into a graphene based THz modulator, the amplitude modulation depth could be enhanced by 50% at the resonant frequency of the metamaterial [23] . However, the resonant frequencies are not tunable as the graphene was in direct contact with the metallic structures in most reported works, which limits the further increases of the modulation depth.
In this work, a graphene based THz modulator with the hybrid structure of combined graphene and the metallic slit ring array separated by a dielectric layer is proposed. With resonant excitation in the metallic slit ring, the local THz field is enhanced by several orders of magnitude, and the interaction between graphene and THz field is strongly magnified. By inserting a thin layer of dielectric material between the metallic structure and graphene, the resonant frequency is tuned with the modulation voltage synchronously, which leads to a high modulation depth in the transmission wave. The enhancement of the modulation depth in the hybrid structure is discussed theoretically and demonstrated experimentally.
Device Structure
The configuration of the proposed THz modulation structure is shown in Figure 1a . The hybrid structure is supported by a low loss plastic substrate, on which the first layer deposited is the metallic metamaterial, composed of a periodic structure with the unit cell shown in the schematic drawing of Figure 1a . In the unit cell, the square slit ring with width marked g, period P, and inside length L are also marked. When THz wave impinges onto the square slit ring, resonance will be excited and the local field confined in gap of the square slit ring will be enhanced. The second layer is a dielectric with the thickness of t acting as a spacer to avoid direct contact of the graphene and the metallic structure. The graphene film on top of the dielectric layer acts as the active layer. In the electrical modulation process, the metallic metamaterial also plays the role of bottom electrode to apply modulation voltage. With the separation of the dielectric spacer, the applied modulation electrical field is formed between the graphene and the metamaterial. And the conductivity of the graphene is tuned with the applied modulation voltage. It leads to the resonant change in the metamaterial and the transmitted THz wave is modulated. The modulation depth of the transmitted amplitude is defined as:
where the T(V 1 ), T(V 2 ) are the transmission at the different modulation voltages.
Appl. Sci. 2019, 1, x FOR PEER REVIEW 2 of 7 modulation depth could be enhanced by 50% at the resonant frequency of the metamaterial [23] . However, the resonant frequencies are not tunable as the graphene was in direct contact with the metallic structures in most reported works, which limits the further increases of the modulation depth. In this work, a graphene based THz modulator with the hybrid structure of combined graphene and the metallic slit ring array separated by a dielectric layer is proposed. With resonant excitation in the metallic slit ring, the local THz field is enhanced by several orders of magnitude, and the interaction between graphene and THz field is strongly magnified. By inserting a thin layer of dielectric material between the metallic structure and graphene, the resonant frequency is tuned with the modulation voltage synchronously, which leads to a high modulation depth in the transmission wave. The enhancement of the modulation depth in the hybrid structure is discussed theoretically and demonstrated experimentally.
where the T(V1), T(V2) are the transmission at the different modulation voltages. To demonstrate the modulation enhancement in the hybrid structure, the transmitted THz spectrum is simulated with the finite element method (FEM). A polyethylene terephthalate (PET) film of thickness 30 μm is taken as the low loss plastic substrate. Aluminum is chosen as the material To demonstrate the modulation enhancement in the hybrid structure, the transmitted THz spectrum is simulated with the finite element method (FEM). A polyethylene terephthalate (PET) film of thickness 30 µm is taken as the low loss plastic substrate. Aluminum is chosen as the material of the metamaterial with P= 150 µm, g = 12.5 µm, and L = 90 µm.The dielectric material is polymethyl methacrylate (PMMA) with the thickness t = 0.5 µm as the spacer between the graphene and the metallic structure. The thickness of graphene is set as 1 nm and the conductivity is calculated with the Drude mode [24] . In this mode, the oscillation frequency γ = 2 THz.
The transmission spectrum of the hybrid structure at different Fermi level is shown in Figure 1b . The pink curve is for the pure metallic structure on the substrate, which shows a transmission peak at the frequency of f res = 0.51 THz, which indicates that the resonant is excited by the metallic square slit ring. When the graphene layer is added, the black curve for the Ef = 0.1 eV shows that the resonant frequency is blue shifted to f res = 0.6THz. When the Fermi level of graphene is changed to Ef = 0.3 eV, the transmission is the red curve. It shows that the transmission peak is blue shifted to f res = 0.79 THz and the value of the peak is lower. The resonant frequency shift reveals that the dielectric condition is changed when the Fermi level of the graphene is tuned. It leads to a remarkable change of the transmission near the resonant frequency. In comparison, a control sample without the metallic metamaterial is simulated under the same condition. The blue and the green curves are corresponding to the different Fermi level of 0.1 eV and 0.3 eV respectively. The flat transmission lines indicate that there is no resonance in the control structures. And the transmission difference between the two lines is much lower than that of the hybrid structures. When calculating the modulation depth with Formula (1), there is a maximum MD = 67.3% at the frequency of f = 0.52 THz for the hybrid structure, while the value of the MD is only 3.3% for the control structure without the metallic square slit ring. It means that the modulation depth is enhanced more than 20 times in the proposed hybrid structure.
Simulations
To analyze the resonant conditions and field enhancement in the hybrid structure, the electric field distributions at the frequency of the transmission peak are simulated firstly. When the incident THz wave is x polarized, the field distribution in the graphene layer is shown in Figure 2a . It indicates that the electric field is mainly located around the regions of the metallic slits. Along the electric polarization direction, the distribution reveals that the resonant is mainly excited along the side of the square slit. At the same frequency, Figure 2b is the electric field distributions in the x-z plane at the place of the blue dotted line in Figure 2a . It shows that the enhanced field caused by the resonance is located in an area along the z direction. And graphene layer at the placement of z = 0.15 µm is immerged in the localized field, which leads to a strong interaction between the graphene and the localized THz field. As a result the modulation of the transmitted THz wave is enhanced under such strong interactions.
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To analyze the resonant conditions and field enhancement in the hybrid structure, the electric field distributions at the frequency of the transmission peak are simulated firstly. When the incident THz wave is x polarized, the field distribution in the graphene layer is shown in Figure 2a . It indicates that the electric field is mainly located around the regions of the metallic slits. Along the electric polarization direction, the distribution reveals that the resonant is mainly excited along the side of the square slit. At the same frequency, Figure 2b is the electric field distributions in the x-z plane at the place of the blue dotted line in Figure 2a . It shows that the enhanced field caused by the resonance is located in an area along the z direction. And graphene layer at the placement of z = 0.15 μm is immerged in the localized field, which leads to a strong interaction between the graphene and the localized THz field. As a result the modulation of the transmitted THz wave is enhanced under such strong interactions. The influence of the structure parameters on the resonance and the modulation enhancement are further discussed. In the hybrid structure, the side length of the square slit is simulated firstly,and the result is shown in Figure 3a . The black square dots display the relationship of the resonant frequency with the side length of the slit. The black solid fitting line indicates that the resonant frequency is exponentially decaying with the value of L. It illustrates that the resonant frequency The influence of the structure parameters on the resonance and the modulation enhancement are further discussed. In the hybrid structure, the side length of the square slit is simulated firstly, and the result is shown in Figure 3a . The black square dots display the relationship of the resonant frequency with the side length of the slit. The black solid fitting line indicates that the resonant frequency is exponentially decaying with the value of L. It illustrates that the resonant frequency decrease is fast, Appl. Sci. 2019, 9, 507 4 of 7 which is due to fact that the resonant is mainly excited along the side of the square slit as shown in Figure 2 . The blue circular dots are the maximum modulation depth and the blue solid fitting line indicates that the modulation depth is approximately linearly decreasing with the side length. The result reveals that the decrease of the modulation depth is slow, and the minimum MD is larger than 60%. It also reveals that by changing the side length of the square slit, the working frequency of the hybrid structured THz modulator could be tuned in a wideband and the modulation depth could be kept at a high level.
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In the hybrid structure, the dielectric layer between the metamaterial and graphene acts as a spacer to avoid the active material directly touching with the metallic layer. When increasing its thickness, as seen in Figure 3c , the resonant frequency and the modulation depth are all increased obviously when the thickness is lower than 20 nm. It is due to the coupling between the graphene layer and the metallic metamaterial layer being much stronger and more sensitive to the separation distance when the latter is relatively short. By further increasing the thickness of the dielectric layer, the resonant frequency and the modulation depth tend to be flat as the coupling between them remain stable. This result reveals that the fabrication tolerance of the dielectric layer could be within a large value in theory. However, a thicker dielectric layer needs a higher modulation voltage to tune the graphene while a thinner dielectric layer is easy to breakdown under the applied voltage in practice.
Measurements
The proposed modulator based on hybrid structure is fabricated with the following process. Firstly, the Al layer with the thickness of 100 nm is deposited onto the PET substrate with the thickness of 30 μm. With photo lithography and wet etching, the square slit ring arrayed structure is fabricated, and its microscopic image is shown in Figure 4a . The photography indicates that the square slits are distributed uniformly. Secondly, the PMMA solution is spin coated onto the metamaterial with the thickness of 50 nm. After drying, the PMMA acts as the dielectric layer to separate the graphene and the metallic square slit ring structure. Then the upper Ag electrode is deposited onto the PMMA and followed by transferring the graphene film grown by chemical vapor deposition (CVD) with wet method [25] . The graphene on the PMMA is partly touching the Ag electrode to connect the applied modulation voltage. Another key parameter is the slit width in the metallic metamaterial. Its influence on the resonant frequency and modulation depth is calculated and displayed in Figure 3b . The black square dots and the solid fitting curve show that the resonant frequency increases with the slit width slowly. However, the blue dots and the fitting curve standing for the modulation depth is exponentially decaying with the value of g. Further analyzing the transmission spectral curves, reveal that although the resonant frequency is increased with the slit width, the quality factor is getting lower. It is due to the fact that the transmission at the lower frequencies is kept at a high level with no change of the side length of the slit, which leads to a lower modulation depth when the slit width is larger. The results also reveal that a narrower slit is better in the hybrid structured modulator due to stronger confinement of the field, and the stronger interaction with the active graphene layer.
The proposed modulator based on hybrid structure is fabricated with the following process. Firstly, the Al layer with the thickness of 100 nm is deposited onto the PET substrate with the thickness of 30 µm. With photo lithography and wet etching, the square slit ring arrayed structure is fabricated, and its microscopic image is shown in Figure 4a . The photography indicates that the square slits are distributed uniformly. Secondly, the PMMA solution is spin coated onto the metamaterial with the thickness of 50 nm. After drying, the PMMA acts as the dielectric layer to separate the graphene and the metallic square slit ring structure. Then the upper Ag electrode is deposited onto the PMMA and followed by transferring the graphene film grown by chemical vapor deposition (CVD) with wet method [25] . The graphene on the PMMA is partly touching the Ag electrode to connect the applied modulation voltage.
After fabrication, the device is measured with a THz time-domain spectroscopy (THz-TDS) system (Advanced Photonix, Inc., Michigan, USA). With this equipment, the transmission spectrum at different modulation voltage is obtained and shown in Figure 4b . The black square dot curve indicates that the resonant is achieved at the frequency of 0.6 THz when the modulation voltage is −10 V, which is the same as the theoretical result when the Fermi level of the graphene is 0.1 eV. By changing the modulation voltage to −15 V, the circle dot curve indicates that the resonant frequency is tuned to 0.775 THz and the transmission peak is reduced as the theory predicts. The resonant frequency is close to the theoretical result of Ef = 0.3 eV. The blue star curve standing for the experimental modulation depth is calculated with Formula (1). It indicates that the maximum modulation depth is 65.1% at the frequency of 0.575 THz, which is close to the theoretical result in Figure 1b . It demonstrates that by separating the graphene layer and the metallic metamaterial with the dielectric layer of PMMA, the resonance of the metamaterial is tuned with the active material. And benefiting from the enhanced interaction between the graphene and the THz wave in the localized field of the metamaterial, the modulation of the transmitted THz wave is enhanced.
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In summary, a THz modulator with the hybrid structure of metallic metamaterial and graphene is analyzed theoretically and demonstrated experimentally. Theory and simulation indicate that the resonance is mainly along the side of the square slit ring and lead to the resonant frequency being strongly sensitive to the side length, which could be used to change the working frequency. The narrow slit width with a higher resonant quality factor is beneficial in achieving a high modulation depth. In the theoretical result, the thickness of the dielectric layer has a large tolerance in fabrication. The measured transmission spectrum exhibits the same general tendency as the theory result and the amplitude modulation depth of 65.1% is obtained when the dynamic range of the modulation voltage is 5 V.
